Abstract. The ISO infrared spectra and the SAAO long-term JHKL photometry of RR Tel in the epochs during minimum obscuration are studied in order to construct a circumstellar dust model. The spectral energy distribution in the near-and the mid-IR spectral range (1-15 µm) was obtained for an epoch without the pronounced dust obscuration. The DUSTY code was used to solve the radiative transfer through the dust and to determine the circumstellar dust properties of the inner dust regions around the Mira component. Dust temperature, maximum grain size, dust density distribution, mass-loss rate, terminal wind velocity and optical depth are determined. The spectral energy distribution and the long-term JHKL photometry during an epoch of minimum obscuration show almost unattenuated stellar source and strong dust emission which cannot be explained by a single dust shell model. We propose a two-component model consisting of an optically thin circmustellar dust shell and optically thick dust outside the line of sight in some kind of a flattened geometry, which is responsible for most of the observed dust thermal emission.
INTRODUCTION
Symbiotic stars are interacting binary stellar systems in the late stage of stellar evolution having either a red giant or a Mira star as the cold component. The other component is a compact star such as a white dwarf or a neutron star. There is a large mass transfer from the giant star toward the hot companion (Kenyon 1986 ). Infrared observations of the dusty or D-type symbiotics show the presence of a reddened Mira component surrounded by a ∼ 1000 K circumstellar dust shell (Mikolajewska et al. 1988; Kenyon 1986) .
A complete model of the circumstellar environment of the symbiotic Mira, which includes all relevant physical mechanisms and explains all photometric and spectroscopic features is still missing. In order to construct a successful model, construction of spectral energy distributions (SEDs) from multiwavelength observations is essential. Up to now, most research has been focused on modeling the line-emitting nebular region dominated by the hot component. In scarce attempts to model the circumstellar dust around the Mira component and to explain both the near-infrared emission and observed obscuration events, oversimplified basic models of thick dust shell approximated by a black body were used (Whitelock 1987) . The only exception is the recent radiative transfer model of HM Sge (Sacuto et al. 2007; Sacuto & Chesneau 2009 ), applied in search for consistency between the ISO spectra and interferometric observations. In order to obtain all relevant dust properties and to determine the dust geometry, it is necessary to take into account the radiative transfer.
RR Tel is a symbiotic nova that underwent its last outburst in 1944. It is a D-type symbiotic binary system of relatively wide spatial separation with a Mira star as a cold component (Whitelock 2003) . RR Tel has a strong infrared emission which indicates the presence of a warm thick dust, probably responsible for an appearance of the three near-IR obscuration events (Kotnik-Karuza et al. 2006) . Detailed modeling of the ISO spectra and the long-term JHKL magnitudes using the DUSTY code have shown that the obscuration events can be explained by a change in optical depth of the circumstellar dust shell, most probably caused by dust condensed around the sublimation radius (Jurkić & Kotnik-Karuza 2012) .
OBSERVATIONAL DATA AND METHODS OF ANALYSIS
Multiwavelength and long-term observations are essential if a complete model of dust circumstellar environment is to be found. In order to fulfill this demand, long-term near-IR photometry was used and a SED curve constructed. All available published near-IR JHKL observations of RR Tel observed at the South African Astronomical Observatory (SAAO) have been collected and analyzed in order to determine the long-term dynamical behavior of the dust component. As the near-IR light curve is dominated by Mira pulsations, the JHKL magnitudes have been corrected using an approximate procedure to show only long-term variations. The light curve was divided to different number of temporal bins for a chosen pulsation period, and a minimization procedure was used. By varying the pulsation period and number of bins, the light curve with minimum scattering was obtained. The JHKL magnitudes were further corrected for interstellar reddening using the commonly accepted value of visual extinction A V = 0.3 (Penston et al. 1983; Kotnik-Karuza et al. 2006 ) and the standard interstellar extinction law (Rieke & Lebofsky 1985) . The spectral energy distribution was constructed by use of the available ISO short wavelength spectra (SWS) and SAAO JHKL photometric magnitudes. The ISO spectra were taken at JD 2450163 which corresponds to the epoch of the minimum near-IR obscuration (Fig. 2 in Kotnik-Karuza et al. 2006) . As the epochs of ISO spectra and JHKL photometry are not the same, infrared magnitudes were interpolated to the epoch of the ISO spectra using Fourier polynomials. By the use of appropriate calibration and corrections for filters (Carter 1990; Glass 1973) , JHKL magnitudes were transformed to fluxes, and the SED was constructed in the wavelength range from 1.2 µm to 20 µm.
The numerical code DUSTY (Ivezić et al. 1999 ) was used to model the circumstellar dust shell around the Mira component and to determine its dust properties. DUSTY solves radiative transfer through dust by calculating the dust temperature distribution. It uses scaling invariance and self-similarity theory to further constrain the number of free input parameters (Ivezić & Elitzur 1997) . Scaling invariance implies that only the relative physical values enter the calculation: absolute distances, input stellar luminosity and dust densities are not relevant. All distances r are scaled with respect to the dust sublimation radius r in , making the scaled distance y the only relevant parameter:
Only the spectral shape of the heating stellar radiation and the shape of the dust density distribution enter the radiative transfer equations. Starting from the input heating radiation, the code calculates the output radiation flux reprocessed by dust scattering, absorption and emission and gives physical and geometrical properties of the dust shell. The circumstellar model with Mira component in the center of the dust shell was used. The input stellar radiation, emerging from the Mira component, was approximated by a blackbody at the temperature between 2200 K and 2800 K, in agreement with the Mira M5/M6 spectral class (Muerset & Schmid 1999; Penston et al. 1983) .
Typical MRN dust grain size distribution (Mathis et al. 1977) , n(a), inversely proportional to the grain size a, n(a) ∝ a −q (a min ≤ a ≤ a max ) was used in the modeling, with the power index q = 3.5, the minimum grain size a min fixed at 0.005 µm and the maximum grain size a max determined by modeling. We took the dust composition typical for circumstellar environment of the Mira star containing 100% of warm silicates (Ossenkopf et al. 1992) .
DUSTY code assumes power law function for dust density distribution η:
where p is power index and y is the scaled distance. Mira stars are well known to have strong stellar winds accelerated by the radiation pressure on the dust grains, which drive envelope expansion. Thus, the dust density distribution η enhanced by radiatively driven winds modifies the standard power law and can be analytically approximated as a function of the scaled radius y, initial v i and terminal wind velocity v e (Ivezić et al. 1999; Danchi et al. 1994) :
We have modeled dust density distribution using both power law and approximation for radiatively driven winds as a free input parameter. The variation in power index of the dust density distribution between 1.0 and 2.0 can give us an insight into possible forms of the dust geometry, such as spherical shell, flattened halo or disk-like structure. The mass-loss rate and terminal wind velocity were derived for 10 000 L ⊙ , which is given by the DUSTY code itself. The size of the dust shell was fixed at 20 sublimation radii, while the inner dust shell radius (sublimation radius) was obtained by fitting, together with the dust sublimation temperature T dust . More details on data reduction and modeling can be found in Jurkić & Kotnik-Karuza (2012) . Dust grain size distribution, dust density distribution, maximum grain size, dust sublimation temperature and optical depth have been varied in order to produce an acceptable model fit.
RESULTS
It has been shown (Jurki c & Kotnik-Karuza 2012) that the constructed spectral energy distributions from 1 µm to 15 µm as well as long-term JHKL magnitudes during the obscuration epochs can be successfully explained by a single circumstellar dust shell of varying optical depth at a sublimation temperature of ∼ 1200 K and maximum grain size of ∼ 4 µm. Unfortunately, this approach did not yield a satisfactory fit to the constructed SED observed in the epochs without significant obscuration. The SED (Figure 1) shows almost unattenuated Mira blackbody up to 2.5 µm and a rather strong dust emission at longer wavelengths, contrary to the strong near-IR attenuation seen during the obscuration epochs. Such behavior suggests an optically thin dust shell around the Mira component and optically thick dust located outside our line of sight, which is responsible for strong emission above 3 µm. The geometry of the thick emitting dust can be constrained by fitting the power index of the dust density distribution power law. Modeling of the proposed two shell model has yielded a very thin dust shell with an optical depth of 0.4 and thick dust outside our line of sight (Table 1) . Both dust components have a consistent sublimation temperature at ∼ 1200 K, which is typical of silicates and in agreement with the sublimation temperature found in the obscuration epochs (Jurkić & Kotnik-Karuza 2012) . The dust properties of the thin dust shell around the Mira component can be obtained most easily by modeling wavelengths up to 3 µm on the SED where little dust emission exists and the spectrum is dominated by the dust absorption of stellar radiation from the Mira component (Figure 1 ). In this case, when the attenuation is minimal, the optical depth, the corresponding mass loss and the stellar temperature are most easily obtained. Up to 3 µm dust scattering dominates over emission, meaning that the obtained grain dimensions are more reliable than the dust sublimation temperature which is constrained between 1000 and 1200 K from modeling of the SED.
The change of dust properties with time is most easily represented by the corresponding changes in color indices, as they represent the ratio of fluxes at Table 1 . different wavelengths. Increased dust absorption caused by higher optical depth of the dust leads to higher absorption in the J band relative to the K or L band, increasing these color indices. Changes in other dust properties will also alter color indices, though this influence is smaller than the influence of varying optical depth. Thus, the optical depth and the corresponding mass loss are the most reliable results of the near-IR modeling. Note that only limits in sublimation temperatures and maximum grain sizes can be derived with a satisfactory reliability.
Color indices J-H and H-K were used to determine the long-term behavior of the thin dust shell (Figure 2) , since the influence of dust emission from the thick dust region is negligible in this wavelength range. Even after the removal of Mira pulsations, the scattering in color indices is still considerable. This can be explained by changes either in dust properties during the pulsation cycle or in stellar radiation due to a temperature-dependant stellar opacity which cannot be reproduced by a blackbody model. In order to determine the long-term average dust properties by use of such scattered data, we have calculated the average value of each of the two, J-H and H-L, color indices (Figure 2) . In order to avoid distortions due to the uneven time distribution of observations, statistical weights were assigned to each index. We have fitted the average color indices with DUSTY models and obtained the limits for the average dust sublimation temperature and the maximum grain size. These values are consistent with the results obtained by modeling the SED, but whether the dust sublimation temperature and maximum grain size of the thin dust shell change during the observed epoch of minimum obscuration remain uncertain. Optical depth varies up to 2.2 and mass-loss rate up to 3.3 · 10 −6 M ⊙ /yr in the 10-year interval. The derived mass-loss rates are typical for Mira symbiotics. As the SED is taken at a particular epoch, it is likely that the stellar temperature determined from the SED might depart from the corresponding average value used in the long-term JHKL analysis. The optically thick dust component has a much higher optical depth than the thin dust shell. It does not obscure our line of sight as it is seen only in emission. Its sublimation temperature and maximum grain size determined from the SED agree well within limits of the declared error with values derived for the thin dust shell. Although the emitting dust is optically much thicker than dust in the optically thin shell, it appears that the grain size and conditions at the sublimation radius do not differ from those for the optically thin shell. This suggests that both components are composed of the same type of silicate dust, with the same properties, differing only in geometry of the dust density distribution. Modeling of the power index in the dust density distribution law did not reveal the dust distribution geometry, as good fits were achieved both for p = 2 and for radiatively driven winds. These results are consistent neither with the flattened halo nor with the disk-like geometries. As a consequence, complex geometry must be involved, probably as some kind of circumstellar thoroidal structure.
The long term behavior of the thick dust region can be studied taking into account color indices at longer wavelengths, J-K and K-L (Figure 3) , where dust emission starts to increase with increasing wavelength. The J-K vs. K-L diagram shows less scattering that the corresponding J-H vs. H-K plot. As in the case of the thin dust shell, the possible long-term changes of dust sublimation temperature and maximum grain size in the thick dust region cannot be determined during the epoch of minimum obscuration.
Comparison between dust properties in epochs during obscuration events (Jurkić & Kotnik-Karuza 2012) and out of them gives evidence of no significant difference in dust sublimation temperature, while obscuration events can be explained by higher mass loss leading to a larger amount of dust condensed around the Mira component and consequently to a higher optical depth. In that scenario, optically thin shell becomes optically thick, resulting in higher near-IR absorption in the line of sight. The only significant difference is in the maximum dust grain size, which has increased from ∼ 1.5 µm out of obscuration epochs to ∼ 4.0 µm during obscurations. This can be explained by a possible grain growth due to enhanced mass loss.
Our results and the proposed model agree well with the hydrodinamical calculations of Mohamed & Podsiadlowski (2011 , who showed that the circumstellar dust should be found in the flattened geometry for the 10 −6 M ⊙ /yr mass loss in a widely seperated symbiotic binary containing a Mira star.
The use of the DUSTY code which assumes a spherical dust temperature distribution is justified, as most of the near-IR radiation up 15 µm originates from the innermost and warmest part of the dust shell, near the dust sublimation radius, where the influence of the hot companion is expected to be small. It is true that the dust far from the inner dust shell and nearer to the hot component is influenced by radiation of the latter, but taking into account lower dust density in this region, its contribution to the near-IR is not likely to be significant. Interferometric observations of HM Sge, a symbiotic Mira similar to RR Tel, have shown a very compact and centrally symmetric dust shell up to 15 µm (Sacuto et al. 2009 ). Note that the precise dust geometry is not particularly important, as long as the dust temperature is dominated by stellar heating, resulting in spherically symmetric temperature distribution (Vinković et al. 2003) . Although the DUSTY code requires spherical symmetry, Vinković et al. (2003) have shown that a flattened dust halo is equivalent to a spherical dust shell with p = 2.
In general, IR interferometric observations are needed to confirm our results and to exactly determine the dust geometry in RR Tel.
